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Malformations of the midbrain (MB) and hindbrain (HB) have become topics of
considerable interest in the neurology and neuroscience literature in recent years.
The combined advances of imaging and molecular biology have improved analyses of
structures in these areas of the central nervous system, while advances in genetics have
made it clear that malformations of these structures are often associated with dysfunction
or malformation of other organ systems. This review focuses upon the importance of
communication between clinical researchers and basic scientists in the advancement
of knowledge of this group of disorders. Disorders of anteroposterior (AP) patterning,
cerebellar hypoplasias, disorders associated with defects of the pial limiting membrane
(cobblestone cortex), disorders of the Reelin pathway, and disorders of the primary
cilium/basal body organelle (molar tooth malformations) are the main focus of the review.
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INTRODUCTION
For many years, anomalies of the cerebellum and brain stem were
poorly reported in the scientiﬁc literature. The cerebellum was
believed to have a minor role in brain function, while the brain
stem was difﬁcult to remove intact at autopsy and difﬁcult to
section. Radiologic analysis of these structures by pneumogra-
phy, angiography, and X-ray computed tomography was poor.
Recently, however, advances in developmental genetics, neuro-
biology, molecular biology, and neuroimaging have led to better
understanding ofdevelopmentaldisordersof the embryonicmid-
brain(MB) andhindbrain(HB), which growinto theadultbrain-
stem and cerebellum (Barkovich et al., 2007, 2009). Although
malformations of the brainstem and cerebellum may be the only
recognized abnormalityin individualswith mental retardation or
autism (Soto-Ares et al., 2003; Courchesne et al., 2005), they are
more commonly identiﬁed in patients with malformations of the
cerebrum. Among the most common of these are lissencephalies
(Ross et al., 2001; Lecourtois et al., 2010), so-called “cobblestone
malformations” of the cortex (formerly known as lissencephaly
type II)resulting from defects in the pial limiting membrane (van
Reeuwijk et al., 2006; Clement et al., 2008; Hewitt, 2009), anoma-
lies of the cerebral commissures (Barkovich et al., 2007), and
disorders of primary cilia function that include additional ocu-
lar,renal,hepatic, and limb budanomalies(Lancaster et al., 2011;
Sang et al., 2011).
The number and complexity of recognized malformations
of the brainstem and cerebellum has been steadily increasing.
These disorders were recently extensively reviewed and clas-
siﬁed (Barkovich et al., 2009). This review will highlight a
few MB-HB malformations and emphasize how knowledge of
basic research in embryology, genetics, and cellular and molec-
ular biology of the developing brain can be of importance
in recognizing, understanding, and classifying these anomalies
in humans.
MALFORMATIONS SECONDARY TO EARLY PATTERNING
DEFECTS
Malformations of the MB or HB secondary to defects in antero-
posterior (AP) or dorsoventral (DV) patterning were nearly
impossible to identify in neurology patients until magnetic res-
onance imaging became a commonly used tool in clinical diag-
nosis. The ability to acquire high resolution, high contrast,
distortion-free imagesinsagittalandcoronalplanesallowedaccu-
rate gross assessment of MB-HB structures for the ﬁrst time.
However, the structures within the MB-HB are small and move
with cardiac pulsations; therefore, physicians were slow to rec-
ognize subtle distortions in their structure and recognize their
importance in developmental disorders. As a consequence, physi-
cians have only recently begun to look for subtle variations in
them. Only in the past 10 years have these malformations been
fairly consistently identiﬁed and associated with normal devel-
opmental processes and their derangements (Jen et al., 2004;
Bednarek et al., 2005; Moog et al., 2005; Sicotte et al., 2006;
Barkovich et al., 2007; Barth et al., 2007; Jissendi-Tchofo et al.,
2009).
DISORDERS OF A-P PATTERNING
The easiest malformations to identify are those due to disturbed
AP patterning, particularly at the MB-HB junction, which is
deﬁned in mice (and presumably in humans) by a balance of
Otx2 and Gbx2signaling that deﬁnes the position of the isth-
mus organizer (IsO) (Wassef and Joyner, 1997; Millet et al.,
1999; Chizhikov and Millen, 2003). The IsO ultimately deﬁnes
the posterior limit of the MB and the anterior limit of the
cerebellum (Chizhikov and Millen, 2003)( Figure1A). The com-
bination of a shortened MB and elongated pons associated with
an enlarged anterior vermis in humans (Figure1B), therefore,
presumably results from rostral displacement of the IsO, with
loss of MB and gain of R1 [from which the cerebellum forms,
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FIGURE 1 | Disorders of AP patterning in the brain stem.
(A) Anteroposterior patterning and the Isthmus Organizer. Regionalization
of the brain starts with the formation of patterning centers that secrete
signaling molecules such as the ﬁbroblast growth factors (FGFs). Fgf8 and
Fgr17 are important signaling molecules at both the anterior forebrain and
the MB-HB junction. In the forebrain, it helps to direct formation of the
prefrontal cortex and other rostral structures by inducing cells to secrete
the transcription factor Pax6. At the MB-HB junction, the patterning center
known as the isthmus organizer (IsO) is localized and induced to secrete
Fgf8 and Fgf17 by the interaction of transcription factor Gbx2 from the
rhombencephalon and Otx2 from the caudal mesencephalon. The secretion
of Fgf8 and Fgf17 then induces further changes crucial to formation of the
MB-HB junction and the formation of the cerebellum. The junction of
the diencephalon (di) and mesencephalon (mes) is directed by the
interaction of Pax6 from the diencephalon and En1/Pax2 from the
rostral mesencephalon. Repression of Otx2 expression by FGF8
induces Gbx2 formation to establish the location of the MB-HB junction
and can affect cerebellar formation, as the cerebellum forms from the
most rostral portion of the HB. Similarly, alterations of Pax6 or En1/Pax2
will alter the location of the diencephalic-mesencephalic junction.
(Adapted from Barkovich and Raybaud, 2012). (B) Sagittal T1 weighted
image shows a short MB, long pons, and large superior vermis (black
arrows), suggesting an abnormality of anteroposterior patterning with
rostral misplacement of the Isthmus Organizer. In addition, the patient has
agenesis of the corpus callosum. (C) Sagittal T1 weighted image shows a
slightly small pons and a short, thick medulla (white arrows) with an
abnormal pontomedullary transition. This is postulated to result from mixed
gains and losses of rhombomere expression in the developing
rhombencephalon or potentially a segmental shift of rhombomeres.
(D) Sagittal T2 weighted image shows a very elongated MB (white
arrows) with small, short pons (black arrow), and small cerebellar
vermis, suggesting caudal displacement of the Isthmus Organizer
due to abnormal anterioposterior patterning from overexpression
of Otx2.
with the vermis deriving from the most rostral portion (Broccoli
et al., 1999; Chizhikov and Millen, 2003)]; this malformation
is presumed to result from GBX2 predominance over OTX2
and consequent rostral malpositioning of the IsO (Chizhikov
and Millen, 2003; Barkovich et al., 2009). This ﬁnding has been
described in Opitz G/BBB syndrome (OS), an X-linked form
of which is caused by loss of function mutations of the MID1
gene (Quaderi et al., 1997). MID1 plays a role in the ubiquitin-
speciﬁc regulation ofthe microtubuleassociated catalytic subunit
of protein phosphatase 1Ac (Aranda-Orgillés et al., 2008). Its
role in the pathogenesis of the disease is not clear. Patients show
variable clinical signs and symptoms affecting multiple organ
systems. Imaging shows hypoplasia of the anterior cerebellar
vermis (Pinson et al., 2004; Fontanella et al., 2008). Mid1-null
mice show motor coordination defects and procedural learn-
ing impairments. Of note, in addition to cerebellar vermian
hypoplasia, these mice show shortening of the posterior dor-
sal MB, rostralization of the MB-HB, and down-regulation of
Fgf17, a key transcription factor in the region (Lancioni et al.,
2010). This is another area in which applying learning from
human disease is helping to understand development in the
MB-HB region.
Shortening and thickening of the medulla (Figure1C)
(Barkovich et al., 2009) is postulated to result from mixed gains
and losses of the eight rhombomeric segments within the pons
and medulla or a segmental shift of rhombomeres; rhombomeres
may be absent or they may be misexpressed, taking on charac-
teristics of other rhombomeres. Such anomalies give the brain
stem an abnormal shape (Figures1C,D). Similar abnormalities
result from murine embryo exposure to retinoic acid, which
causes a dose-dependent anterior to posterior transformation of
cell fate in which the HB is expanded at the expense of the MB
and forebrain (Lumsden, 2004). Lesser changes in gradients of
retinoic acid or other regionalizing molecules could result in
transformations of the middle rhombomeres from pontine to
medullary fate. Such changes are difﬁcult to assess with current
imaging techniques but may become possible as higher resolu-
tion/high ﬁeld strength MR scanners are developed, along with
better tractography programs.
DISORDERS WITH CEREBELLAR HYPOPLASIA
Just as rostral displacement of the MB-HB junction is expected
to increase the size of rhombomere 1, caudal displacement of
the IsO [presumably due to increased OTX2 (Broccoli et al.,
1999)] would be expected to elongate the MB, and shorten the
pons (particularly the R1 segment); the expected result would
be cerebellar hypoplasia, particularly affecting the vermis (which
is formed from the most rostral aspect of R1) (Chizhikov and
Millen, 2003). Indeed, in the few cases observed clinically with
an elongated MB and small pons, the cerebellum has always been
small (Figure1D). Cerebellar hypoplasias are common ﬁndings
in autopsy studies and in clinical neuroimaging and have many
causes (Barkovich et al., 2009). Although cerebellar hypoplasia
may be an isolated ﬁnding, it is usually associated with other
anomalies, which may be either supratentorial or infratentorial.
A few examples follow.
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The Dandy–Walker malformation and related disorders (cere-
bellar hypoplasia, mega cisterna magna, and Blake pouch cysts)
are composed of a grouping of abnormalities of the cerebellum,
its surrounding mesenchyme, and sometimes cerebral struc-
tures; this variable combination of features has generated con-
siderable confusion and controversy (Raybaud, 1982; Raimondi
et al., 1984; Barkovich et al., 1989; Tortori-Donati et al., 1996).
The Dandy–Walker malformation, as initially deﬁned, consists of
an enlarged posterior fossa with a high position of the tento-
rium cerebelli, counterclockwise rotation and hypoplasia of the
cerebellar vermis, and a dilated, cystic-appearing fourth ven-
tricle that ﬁlls nearly the entire posterior fossa, presumably
due to cyst-like expansion of the fourth ventricle (Figure2A)
(Hart et al., 1972; Raimondi et al., 1984). The cerebellar hemi-
spheres are usually small and corpus callosal anomalies are found
in as many as 20% of affected individuals (Barkovich et al.,
1989). Signiﬁcant variation in cerebellum, brain stem, surround-
ing CSF spaces, and associated supratentioral anomalies of all
degrees may be found, however, in the malformation complex.
Indeed, considerable variation can be seen in families with the
same genetic mutation; the phenotype ranges from mild vermian
hypoplasia to mega cisterna magna to varying severities of true
Dandy–Walker malformation (Grinberg et al., 2004; Aldinger
etal.,2009;Blanketal.,2011).Itisnoteworthy thatFOXC1, which
hasbeen showntocausethis malformationcomplexinfamilies,is
expressed only in the mesenchyme overlying the cerebellum and
not in the cerebellum itself (Aldinger et al., 2009). Similar ranges
of posterior fossa anomalies have been described with deletion of
3q24 (loss of ZIC1–ZIC4)( Grinberg and Millen, 2005), duplica-
tion of 9p (Melaragno et al., 1992; Cazorla Calleja et al., 2003;
Chen et al., 2005), deletion of 13q2 (McCormack et al., 2003;
Ballarati et al., 2007), and deletion of 2q36.1 [which contains
the PAX3 gene, strongly expressed in the developing cerebel-
lum (Jalali et al., 2008)], as well as in neurocutaneous melanosis
[a dysplasia of the leptomeninges that is most severe in the basal
meninges around the brain stem and cerebellum (Narayanan
et al., 1987; Barkovich et al., 1994; Acosta Jr., et al., 2005)].
Of note, MB-HB hypoplasia is only seen in neurocutaneous
melanosis when melanosis is present in the meninges surround-
ing the brain stem and cerebellum, supporting the hypothesis
that the developing leptomeninges have signiﬁcant effects upon
MB-HB development (Aldinger et al., 2009). Based upon all of
these observations, it may be suggested that (1) the surround-
ing mesenchyme affects growth of the developing cerebellum
during embryogenesis, and (2) mutations resulting in dysgen-
esis of both the cerebellum and its overlying mesenchyme are
likely to be necessary for the entire Dandy–Walker malforma-
tion complex to form, with less severe dysgenesis resulting in
malformations such as isolated cerebellar hypoplasia or isolated
dysgenesis of the surrounding mesenchyme. In light of this infor-
mation, it was suggested that the Dandy–Walker malformation
be considered in the group of mesenchymal-neuroepithelial sig-
naling defects (Barkovich et al., 2009). From this perspective, it
follows that retrocerebellar arachnoid cysts and enlargement of
the cisterna magna (called mega cisterna magna, an enlarged
posterior fossa secondary to an enlarged cisterna magna, but a
normal cerebellar vermis and fourth ventricle, Figure2B)a r ea
FIGURE 2 | The concept and range of cerebellum/posterior fossa
disorders in the “Dandy–Walker spectrum.” (A) Illustration of developing
fourth ventricle/cerebellum and the impact of impaired egress of CSF .
During normal development, the wall fourth ventricle normally thins, and
the foramen of Magendie forms, in the midline. If the leptomeninges are
abnormal, the cerebellum may be small and the outﬂow foramina of the
fourth ventricle may not form. The fourth ventricle expands posteriorly
(small black arrows) and superiorly, pushing the small cerebellar vermis (Cb)
counterclockwise (large black arrow); the posterior fossa then enlarges.
This combination of ﬁndings creates the classic Dandy–Walker
malformation. Small black PF signiﬁes pontine ﬂexure, small black MF
signiﬁes mesencephalic ﬂesure, large black P signiﬁes prosencephalon,
large black M signiﬁes mesencephalon, large black R signiﬁes
rhombencephalon. (B) Classic Dandy–Walker malformation. Sagittal T2
weighted image shows the classic appearance with a small vermis (black
arrow), rotated counterclockwise with abnormal foliation. The surrounding
CSF spaces are markedly enlarged with abnormally enlarged posterior
fossa and elevation of the tentorium cerebelli and the torcular Herophili.
(C) Mega cisterna magna is a condition in which a collection of CSF in an
enlarged cisterna magna (C) expands the posterior fossa but the midbrain
and hindbrain are normal. It is seen in patients with gene mutations that, in
siblings, cause the classic Dandy–Walker malformation. (D) Blake pouch
cyst is a condition in which the ependymal wall of the fourth ventricle
stretches out through the foramen of Magendie and causes enlargement of
the foramen with mild rotation of the vermis (black arrow). It is considered
by some to be an incidental ﬁnding and by others to be a mild form of the
Dandy–Walker malformation.
part of the Dandy–Walker spectrum from an embryogenesis per-
spective. In addition, the so-called persistent Blake pouch cyst,
where the ependymal wall of the fourth ventricle extends through
the foramen of Magendie and upwardly rotates a normal cere-
bellar vermis (Figure2C), is sometimes considered a part of the
spectrum. However, in the absence of mass effect (causing hydro-
cephalus) or associated cerebral/cerebellar dysgenesis, none of
these ﬁndings seem to be ofclinical signiﬁcance; neurological and
cognitive development seem to be related, instead, to the level of
control of hydrocephalus, to the extent of associated supratento-
rialanomalies(Goldenetal.,1987;Mariaetal.,1987;Bindaletal.,
1990–1991), and to the degree of cerebellar dysgenesis, mani-
fested as lobulationof the vermis; normal lobulationis associated
with good intellectual outcome whereas some have found that
abnormal vermian lobulation is associated with poor intellectual
outcome (Boddaert et al., 2003; Klein et al., 2003). The molecular
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biologic pathways involved in these disorders have not yet been
identiﬁed.
MB-HB ANOMALIES ASSOCIATED WITH CEREBRAL
ANOMALIES
MB-HB anomalies are often found in association with supra-
tentorial brain anomalies. Often, these are the result of sim-
ilar processes occurring in both the forebrain and HB. For
example, the so-called “cobblestone malformations”o r“ dystrogly-
canopathies” are disorders that are caused by impaired linkage of
the endfeet of radial glial cells with the pial limiting membrane
(Figure3A), in many cases because of decreased O-glycosylation
of a-dystroglycan, which impairs its binding to Laminin-2 in
the basal lamina of that membrane (Saito et al., 2006; Godfrey
et al., 2007; Clement et al., 2008; Li et al., 2008; Hewitt, 2009;
Chan et al., 2010; Chiang et al., 2011). [These cerebral disor-
ders were formerly called “lissencephaly type II” or “cobblestone
lissencephaly.” That nomenclature resulted in considerable con-
fusion with lissencephalies caused by undermigration of neurons
destined for the cerebral cortex. As a result, the term cobble-
stone malformation is now preferred (Barkovich et al., 2012)].
Other causes of abnormal linkage include altered laminin depo-
sition (Ackroyd et al., 2011), mutation of G protein-coupled
receptor 56 (Gpr56) or its receptor collagen type III (Luo et al.,
2011), and mutation of the ubiquitous basement membrane pro-
tein collagen type IV alpha 1 (Labelle-Dumais et al., 2011). The
result of these abnormal linkages is that some migrating neurons
leave the radial glial ﬁber before reaching their intended cortical
layer and other neurons overmigrate through “gaps” form in the
pial limiting membrane into the subarachnoid space (Figure3A)
(Martin, 2005). The resulting cerebral cortex is composed ofradi-
ally oriented clumps of disoriented neurons, the subarachnoid
space is ﬁlled with ectopic neurons that have overmigrated, and
multiple nodules of undermigrated heterotopic neurons lie in
t h es u b c o r t i c a lw h i t em a t t e r( Friede, 1989; Norman et al., 1995;
Haltia et al., 1997). Similar phenomena of gaps in basal lam-
ina with over- and undermigrated neurons may be seen in the
retina and the cerebellum (Friede, 1989; Norman et al., 1995;
Haltia et al., 1997). Abnormal linkages using the same molecu-
lar structures are found in skeletal muscle, with the result being
that many affected patients also have congenital muscular dys-
trophy (Moore et al., 2002; Martin, 2005; Kanagawa and Toda,
2006). In the cerebellum, the leptomeninges are of considerable
importance for the normal migration of granule cells (Zarbalis
et al., 2007; Koirala et al., 2009). Mice with dystroglycanopathies
show widespread discontinuities in the pial basement membrane
FIGURE 3 | Array of ﬁndings in the midbrain and hindbrain of
cobblestone malformations (formerly called Lissencephaly type II).
Diagram (A) shows neuron (n) guided by normal radial glial cell (NL RGC) on
the left, coursing from ependyma to an intact pial limiting membrane (Pial
LM), where it attaches via a bridge made by beta dystroglycan, alpha
dystroglycan, or GPR56, which attach to laminin-2 or collagen IV in the Pial
LM. In the center and on the right, gaps are seen in the Pial LM; the RGCs do
not attach properly due to defects of alpha dystroglycan or GPR56 in the
leading process of the RGC, to laminin, or collagen IV, respectively, in the Pial
LM. Neurons either detach prematurely or overmigrate through the gaps into
the subarachnoid space. A relatively mild cerebellar anomaly is shown in the
muscle-eye-brain phenotype shown in (B) and (C). Although the vermis is
small and dysmorphic, the hemispheres have nearly normal foliation. A few
small cysts are present (white arrows in B and C). The pons contains a
midline cleft (black arrow in C). The midbrain tectum is large and smooth due
to transpial migration of cells. A coronal image through the cerebrum
(D) shows moderate ventricular enlargement, abnormal hyperintensity of
subcortical, and deep white matter, and abnormal sulcation over the
convexities; note that the cortex in this region (white arrows) is abnormally
thick and seems to be formed of radially oriented bands of neurons. A much
more severe Walker–Warburg phenotype is shown in (E) and (F). The sagittal
image (E) shows a thin brain stem with a large kink in the mid pons (black
arrowhead), resembling a persistent pontine ﬂexure. The MB tectum is very
large and rounded (large black arrow). Only a small vermis (small black arrow)
is present. Massive hydrocephalus can be seen, as can a small occipital
cephalocele (white arrow). The axial image (F) shows an extremely small,
dysmorphic cerebellum with no vermis and many cysts within the irregular
cortex. Both ocular globes are anomalous.
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with disruption of the glial scaffolding and migration of granule
cells into the subarachnoid space (Moore et al., 2002). In Gpr56
deﬁcient mice, glial processes extend through and granule cells
migrate throughthe aforementioned gapsin theglialimitans into
the subarachnoid space (Koirala et al., 2009). In human studies,
the effects upon the MB-HB vary considerably (Aida et al., 1994;
Gelot et al., 1995; van der Knaap et al., 1997; Barkovich, 1998;
Clement et al., 2008), with some patients having normal cere-
bella and others having mild dysgenesis resulting in mild vermian
hypoplasia with some alteration of foliation; of note, the sever-
ity of cortical dysgenesis is sometimes similar in the cerebrum
and cerebellum but the involvement may be discrepant, suggest-
ing that some gene products have different roles in the forebrain
and HB. Moderately severe cerebellar dysgenesis consists of a sig-
niﬁcantly dysmorphic cortex containing cyst-like structures that
contain mesenchymal tissue (Figures3B–F) and are connected
to the surface via spaces containing penetrating blood vessels
(Takada and Nakamura, 1990). This suggests a process similar
to that in the cerebrum where cerebral tissues migrates outward
and leptomeningeal tissues inward through the defects in the
pial limiting membrane (Figure3D). Most patients with cere-
bellar dysgenesis have a small pons with a ventral midline cleft
(Figures3B,C)( van der Knaap et al., 1997; Barkovich, 1998). In
the most severe cases (Figures3E,F), the cerebellum is extremely
small with very dysmorphic cortex and disproportionately small
vermis and a small brain stem with “kink” in the mid-pons that
is best seen in the sagittal plane (Figure3E); the reason for the
small cerebellum might be an absence of dispersion of Purkinje
cells (PCs) due to interruption of granule cell migration and con-
sequentabsence ofReelin secretion (see next section on cerebellar
disorders due to abnormalities of the Reelin pathways). Nearly
all affected patients also have abnormalities of the mesencephalic
tectum, which is thickened without identiﬁable collicula due to
overmigration of cells (Figures3B,E), and dysmyelination; the
reasons for these phenomena are not yet known.
Another malformation complex involving both supra- and
infratentorial structures is caused by mutations of the Reelin
pathway. Reelin is a large glycoprotein that is secreted into the
extracellular matrix by Cajal–Retzius cells in the marginal zone
of the developing cerebral cortex, where its actions are thought
to allow later migrating glutamatergic neurons to pass neurons
in deeper cortical layers and to aid in detachment of the neu-
rons from the radial glia at the proper cortical layer (D’Arcangelo
et al., 1995; Ogawa et al., 1996; Trommsdorff et al., 1999; Hack
et al., 2007; Sentürk et al., 2011). In the hippocampus, Reelin
functions inthealignmentofpyramidalneurons(Nakajima et al.,
1997; Tissir and Gofﬁnet, 2003), and in the cerebellum, Reelin
is secreted by the external granular layer and cerebellar nuclear
neurons during early development to aid in dispersion of PCs
(Miyata et al., 1996; Trommsdorff et al., 1999; Hack et al., 2007;
Larouche et al., 2008). In all regions, Reelin action is mediated
by binding to speciﬁc receptors on target cells, ApoER2, VLDLR,
(Miyata et al., 1997; D’Arcangelo et al., 1999; Hiesberger et al.,
1999; Trommsdorff et al., 1999; Fink et al., 2006)a n de p h r i n
Bs, the transmembrane ligands for Eph receptors (Sentürk et al.,
2011). Interaction with Reelin induces VLDLR and ApoER2 to
bind the adaptor protein DAB1, which leads to activation of Src
family tyrosine kinases (SFKs) and other kinases that phospho-
rylate DAB1 at its tyrosine residues (Howell et al., 1997; Sheldon
et al., 1997; Rice et al., 1998; Bock and Herz, 2003). In the cere-
bellum, Reelin interacts with receptors on PCs, which respond
by dispersing from their clusters in the central cerebellum and
migrating tothecerebellar cortex (Trommsdorffetal.,1999;Hack
et al., 2007; Sentürk et al., 2011). If the Reelin cascade within
the PCs is disrupted, as by mutations of RELN,i t sr e c e p t o r s ,
or DAB1, neither the cerebrum nor the cerebellum form prop-
erly, although the precise histological details and mechanisms of
the resulting malformations are debated (Bock and Herz, 2003;
Larouche et al., 2008; Frotscher, 2010; Boyle et al., 2011; Honda
et al., 2011; Sentürk et al., 2011).
Mutations of RELN in humans result in congenital lym-
phedema and hypotonia, impaired cognition, myopia, nystag-
mus, and generalized epilepsy. Imaging shows a very severe
malformation, including thickened cortex, simpliﬁed sulcation,
hippocampal dysmorphism, and profound cerebellar hypopla-
sia (Figures4A,B)( Hong et al., 2000). Mutations of VLDLR
produce a signiﬁcantly less severe disorder, known as the disequi-
libriumsyndrome (Boycott et al., 2005). In this disorder, children
present with delayed motor development and cerebellar ataxia.
MRI shows simpliﬁed cerebral sulcation (although sulcation is
less simpliﬁed and cortex less thickened than with RELN muta-
tions) and profound cerebellar hypoplasia (Figure4C)( Glass
et al., 2005). These patterns of cerebral and cerebellar dysgenesis
FIGURE 4 | Array of ﬁndings in cerebrum and cerebellum of disorders
of the Reelin pathway. The most severe situation, with severe RELN
depletion results in a very small vermis (white arrow in A), small, smooth
cerebellar hemispheres (black arrows in B), and a thick, pachygyric cerebral
cortex (B). VLDLR mutation results in a less severe cerebral dysgenesis
(cortex is thinner and more sulci are present) but the cerebellum is quite
severely affected, both hypoplastic and smooth (C). Severe cerebral but
less severe cerebellar involvement (note that the cerebellum is larger
and cortex is less smooth can be seen, but the precise
mechanism/mutation that results in this appearance is not known.
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are consistent with the observed ﬁndings in animal models with
Vldlr knock-outs [Larouche et al., 2008 #3095];(Trommsdorff
et al., 1999; Larouche et al., 2008; Honda et al., 2011; Sentürk
et al., 2011). Vldlr mediates a “stop” signal for migrating cere-
bral cortical neurons; its absence allows overmigration with too
many neurons in the molecular layer and mildly abnormal sulca-
tion. Apoer2 is essential for migration of late generated cortical
neurons past the earlier generated ones; its absence results in
a thicker cortex with less sulcation, more resembling that seen
with Reln mutations (Benhayon et al., 2003; Hack et al., 2007).
In the cerebellum of Vldlr null animals, a large portion of PCs
are not dispersed and remain as heterotopic clusters deep within
the hemispheres, whereas Apoer2 null animals have ectopic PCs
largely restricted to the anterior vermis, resulting in a much less
severe cerebellar dysgenesis (Larouche et al., 2008). No human
mutations of ApoER2 have been described in the literature.
However, the author has seen MRIs of patients with RELN-
like cerebral cortical dysgenesis but mildly abnormal cerebella
(Figure4D); testing is underway to determine whether these are
caused by mutations of APOER2, DAB1, or some other, as yet
unknown, component of the Reelin pathway.
DISORDERS OF CEREBELLAR DYSGENESIS
Another well-deﬁned syndrome of cerebellar dysgenesis is the
Joubert Syndrome and its Related Disorders (JSRD, often called
Molar Tooth Malformations). A familial syndrome of “agenesis
of the cerebellar vermis” was ﬁrst described by Joubert et al. in
1969; affected patients had episodic hyperpnea in infancy, abnor-
mal eye movements, ataxia, and cognitive impairment (Joubert
et al., 1969). The disorderwasfurther elucidated in severalpapers
by Boltshauser and his colleagues (Boltshauser and Isler, 1977;
Boltshauser et al., 1981; Steinlin et al., 1997), who described
a variable degree of vermian hypoplasia (rather than agenesis)
and multiple other features, with variable outcomes, in affected
patients. The advent of MRI revealed a characteristic “molar
tooth” appearance of the MB (Figure5)( Maria et al., 1997;
Quisling et al., 1999). This appearance was soon found in many
disorderswith widelyvarying phenotypicfeatures ofother organs
including the eyes, kidneys, liver, and extremities (Egger et al.,
1982; Houdou et al., 1986; Chance et al., 1999; Satran et al.,
1999; Haug et al., 2000; Gleeson et al., 2004), suggesting that
these heretofore seemingly distinct disorders were in some way
related. These disorders were very curious, as no common thread
could be found among the processes involved, even within the
same organs. Within the nervous system, it was difﬁcult to ﬁnd
the common underlying cause connecting the disorders of retina
development, vermian hypoplasia, aberrant white matter path-
ways (neither the corticospinal tracts nor the superior cerebellar
peduncles decussate properly), occasional polymicrogyria and
hypothalamic harmartomas (Figure5)( Haug et al., 2000; Zaki
et al., 2008; Giordano et al., 2009; Harting et al., 2011). It was
also noteworthy that the characteristic molar tooth sign had
many different appearances with the molar “roots” (composed
of the superior cerebellar peduncles) sometimes thick, some-
times thin, sometimes straight and sometimes curved; clearly a
lot ofdifferent processes were going on. Answers began to emerge
when it was discovered that all of the genes implicated in these
FIGURE 5 | Neuroimaging ﬁndings in molar tooth malformations. The
characteristic imaging ﬁndings of a small vermis (small white arrows, A,B)
and narrow isthmus (small white arrowhead, A,B) are identiﬁed on sagittal
images. A tuber cinereum hamartoma is seen in (B).T h ev a r i a b l e
appearances of the “molar tooth,” resulting from the large, horizontal
superior cerebellar peduncles, are shown (white arrows in C, D, and E).
disorders are associated with the function of the primary cil-
ium/basal body organelle, a structure that is present in many
cell types, including renal tubule epithelial cells, retinal pho-
toreceptors, chondrocytes, ﬁbroblasts, and neurons (Arts et al.,
2007; Chizhikov et al., 2007; Delous et al., 2007; Frank et al.,
2008; Gorden et al., 2008; Spassky et al., 2008; Doherty, 2009).
Ciliary membranes contain receptors and ion channel proteins
mediating cell signaling, including roles for SHH, WNT, and
PDGFa signaling pathways that control diverse processes (e.g.,
cell differentiation, migration, axonalpathﬁnding, andplanarcell
polarity). SHH binding to its transmembrane receptor PTCH
abolishes the inhibitory effect of PTCH on SMO, resulting in
localization of SMO to the primary cilium, and transduction
of signals to the nucleus through the GLI transcription factors.
The result is de-repression and activation of SHH target genes
(Satir and Christensen, 2007). The SHH pathwayis important for
dorsal-ventral patterning of the neural tube and, later, for prolif-
erationofcerebellar granulecells (Wechsler-Reya and Scott, 1999;
Huangfu et al., 2003). However, reduction of granule cell prolif-
eration cannot in itself explain the vermian hypoplasiaseen in the
MTMs (Chizhikov et al., 2007; Spassky et al., 2008), as the effect
of SHH is diffuse, involving both vermis and hemispheres, but
the vermis is very disproportionately involved in MTMs. A more
likely explanation is decreased Wnt reporter activity, accompa-
nied by reduced proliferation, at the site of hemispheric fusion, as
was reported in the developing cerebellum of Ahi1-mutant mice
(Lancaster et al., 2011); this phenotype was partially rescued by
treatment with lithium, a Wnt pathway agonist (Lancaster et al.,
2011). The wide phenotypic variation among families harboring
mutations in genes encoding ciliary proteins also suggests that
genetic modiﬁers are important in determining speciﬁc features
within the ciliopathy spectrum (Davis et al., 2011; Zaki et al.,
2011). This interesting group ofdisordershas much moreto teach
us about both development and disorders thereof.
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Many other disorders of the MB-HB have been described
in association with supratentorial anomies, including cere-
bellar hypoplasia associated with severe variants of cerebral
lissencephaly secondary to alpha-A1 tubulin (TUBA1A) and
other tubulin mutations (Poirier et al., 2007; Kumar et al., 2010),
cerebellar hypoplasia associated with postmigrational micro-
cephalysecondarytomutationsofcalciummodulated-dependent
serine protein kinase (CASK), which is associated with X-linked
mental retardation (Najm et al., 2008) and cerebellar hypopla-
sia associated with midline brain stem clefts and agenesis of the
corpus callosum, presumably resulting from mutations prevent-
ing midline axonal crossing (Barkovich et al., 2009). Application
of discoveries from developmental neuroscience will aid our
understanding of these disorders, and what is learned from
studying these disorders will help us to better understand brain
development.
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